INTRODUCTION {#sec1-1}
============

Electrical stimulation of the nervous system has long been one of the fundamental tools of neuro-physiological and cognitive studies and its applications to treat different neurological disorders and disabilities such as tremor, Parkinson, deafness, blindness, depression and epilepsy are rapidly growing.\[[@ref1]\] Computer-controlled or programmable current stimulators are widely used in related animal research studies to deliver a variety of precisely adopted stimulation patterns to the nervous tissue. In experiments on anesthetized animals a stimulator with cable connections is generally adequate. However, in awake animals such connections not only limits the subject\'s free movements, but also increases the risk of infection, may distract its attention or produce emotional distress and interferes with the natural behavior of the animal.\[[@ref2]\] A portable stimulator, that is worn by the animal and is controlled wirelessly by a remote module, significantly reduces these problems. In designing such portable systems, small size, light weight and low power consumption are the major constrains, especially when the system is designed for small animals such as rat and mice. This necessitates the use of a small, low weight and therefore low capacity battery for the system\'s power supply. Although recent development of high-power density lithium-ion and lithium-polymer batteries has provided the same power in significantly smaller batteries,\[[@ref3]\] design for ultra-low power consumption is still critically important in portable neuro-stirnulators; particularly when the stimulator is to be used continuously in a long-term experiment.

Specific design techniques, such as aggressive voltage scaling, dynamic power-performance management, energy efficient signaling and micro watt designed integrated circuits must be employed to decrease power consumption without significant decrease in system\'s performance.\[[@ref4]\]

Another important factor that should be considered is the advantages of using electrical current stimulation instead of voltage stimulation to have stable neural responses and controllability over the tissue and electrode damage.

In recent years, design of portable stimulator/recorder systems for neuro-physiological and cognitive studies has attracted many researchers.

Xu *et al*.\[[@ref2]\] have developed a multichannel portable neuro-stimulator for freely moving rats, which is wirelessly controlled by a base-station connected to a computer. The back-pack system can deliver continuous stimulations for up to 7 h with a 6 V l20 mAh lithium battery, but it can only apply biphasic voltage pulses with constant amplitude to the tissue.

Song *et al*.\[[@ref5]\] in their study have designed a remote control multimode micro-stimulator for brain stimulation of freely moving animals. The system consists of a micro-controller unit and a backpack micro-stimulator which is 18 mm × 28 mm in size and works continuously for up to 20 h with a lithium battery (3.6 V, 650 mAh). Only biphasic rectangular voltage pulses can be generated by this stimulator.

Feng *et al*.\[[@ref6]\] have developed a remote control system to deliver stimulus pulses into the rat brain. The system consists of a PC based program, a Bluetooth module and a backpack stimulator module which is 36 mm × 22 mm × 15 mm in size. The system is powered by two lithium cells (3.7 V, 120 mAh) and works for up to 8 h. Although the system can generate current pulses, the amplitude is limited to 120 μA that is too low for typical electrical stimulations of the nervous system.

Ye *et al*.\[[@ref7]\] have designed a multi-channel telemetry system for brain stimulation and neuronal recording in small freely behaving animals. Their system consists of a head stage, a back-pack and a remote Personal Digital Assistant that wirelessly control and receive information from the back-pack, using a bluetooth transceiver. Their system works only for 2 h with a 2200 mAh lithium-polymer battery that is too low for long term neuro-physiological study.

Sharma *et al*.\[[@ref1]\] have designed a multichannel bidirectional telemetry controller for stimulation and recording. The back-pack controller consumes 420 mW and operates for 8 h without the need to recharge the battery. However the size of their system is 13 cm × 6 cm × 3 cm which is too large to be used on small animals.

Forni *et al*.\[[@ref8]\] in their study have reported the development of a single channel portable micro-stimulation system for chronic deep brain stimulation (DBS) in freely moving animals. The system is 28 mm × 17 mm × 5 mm and is supplied by two lithium polymer batteries (3 V, 36 mAh). The system can deliver current pulses with amplitudes up to 120 μA, frequencies up to 130 Hz and pulse widths up to 80 μs. Although these ranges for the stimulation parameters are the same as for commercial DBS systems, it is believed that the system\'s ranges of operation may be limited if it is to be used in research experiments.

Although the rectangular current pulses are still the most used stimulation waveforms in research studies, as well as in clinical use, increasing studies have demonstrated that the stimulus waveform can have a significant impact on the performance and efficiency of the stimulations.\[[@ref9]\] Stimulus waveforms have been suggested to decrease the threshold of the stimulation or selectively activate the target neural elements.

In this paper, design of an ultra-low power backpack neuro-stimulator system is presented with features which make it very convenient for different animal neuroscience and neural engineering applications. The system includes a miniature stimulator with the flexibility of delivering arbitrary waveform current pulses and a remote controller module, which programs and controls the stimulator via an RF link. The system is designed for ultra-low power consumption and therefore is suitable for long term electrical stimulation on freely moving animals. The performance of the system was evaluated both electronically and by conducting a neurophysiological experiment.

MATERIALS AND METHODS {#sec1-2}
=====================

System Overview {#sec2-1}
---------------

A neuro-stimulator system was developed for long-term neural stimulation of the central nervous system (CNS) in small freely moving animals. The system was designed for small size so that it can be carried by small animals and low power consumption for long-term use without the need for changing the battery. In addition, the system should have the flexibility of producing various stimulation patterns necessary for different neuro-physiological applications.

The block diagram of the system is demonstrated in [Figure 1](#F1){ref-type="fig"}, which consists of two separate modules, a remote controller and a back-pack stimulator. The remote controller provides a simple user interface to adjust the stimulation parameters, programs the back-pack stimulator wirelessly through an RF link and activates/deactivates the stimulator module for delivering the stimulations. The back-pack module works based on instructions received from the controller module. It is specifically designed to produce arbitrary controlled current stimulus waveforms for precise and reproducible neural stimulation.

![The block diagram of the designed neuro-stimulator system. The controller module (left) provides a user interface to set the stimulation parameters and controls the stimulator module (right) via an on-off keying (OOK) RF link. The stimulator module creates the stimulation pattern using a l2 bit Digital-to-Analog Converter and deliver the proportional current pulses using the Howland circuit](JMSS-4-94-g001){#F1}

The Controller Module {#sec2-2}
---------------------

The detailed design of the remote controller module is demonstrated in [Figure 2](#F2){ref-type="fig"}. The core of the controller module is a PIC18F452 microcontroller (Microchip Tech), which provides a simple user interface based on a 4 × 4 keyboard and a 16 × 2 LCD. The user can set the parameters of the stimulation pattern and then send them via ATX-433-IA RF module (Abacom Technology) to the stimulator. The parameters are checked to be in specified ranges before sending, in order to avoid unwanted irreparable effects. After the stimulator is programmed, the controller module can send an activation code to the stimulator to start applying the programmed train of stimulations. To eliminate the effects of the errors in the output current, a calibration feature was implemented in the controller module to adjust the offset and gain of the system. This significantly improves the accuracy of the currents generated. The baud rate for the RF link is 1200 bits/s which is enough to send the parameters of the stimulation pattern to the stimulator. This allowed for using energy efficient on-off keying (OOK) modulation for sending the data. The ARX-433-ULC (Abacom Technology) receiver module consumes only 70 μA at 3 V which was versatile for our ultra-low power design of the stimulator module. However, OOK modulation is vulnerable to noise and special considerations were needed for reliable transmission of data. Each data packet is preceded by two specified start bytes which must be received correctly for approving the data packet. To ensure good performance despite changes in the strength of the received signal, the OOK receiver module uses the averaged value of the received signal as the threshold to determine the value of the received bits. A drawback of this technique is that if for an adequate period of time, the number of transmitted 1 s does not compensate the number of 0 s, the average value of the signal tends towards either its minimum (identified as zero) or maximum (identified as one), which results in noisy output signal. To avoid this, Manchester coding was used that keeps the average value of the transmitted signal on the midline. In addition, each data packet was preceded by three dummy bytes of 10101010. These bytes are discarded in the receiver. However, they move the receiver threshold to the midline and therefore the receiver can detect the consecutive data correctly. The data packet for sending each parameter includes an extra byte that indicates the number of '1' bits in the binary code of that parameter. This byte is used in the stimulator module to ensure that each parameter is received correctly. The stimulator does not confirm the reception of the parameters unless all the parameters are received correctly. This increases the reliability of the system to an appropriate level so that unwanted stimulation patterns are never generated.

![Schematics of the controller module. It provides a simple interface for programming and control of the stimulator module. The core of the module is a PIC micro-controller which receives and displays the stimulation parameters and programs the stimulator module via a on-off keying RF module, ATX-433-IA (Abacom Technology)](JMSS-4-94-g002){#F2}

The Back-pack Stimulator Module {#sec2-3}
-------------------------------

[Figure 3](#F3){ref-type="fig"} shows the detailed design of the ultra-low power stimulator module. A PIC16F88 microcontroller (Microchip Tech) was used for its small size and micro power consumption.

![Schematics of the backpack stimulator module. The stimulation waveform is generated by a micro controller and a Digital-to-Analog converter, making the generation of arbitrary stimulus waveforms possible. The Howland circuit converts the waveform into current for more stable neural stimulation. R1 = 220 kΩ, R2 = 16.5 kΩ and R3 = 50 Ω](JMSS-4-94-g003){#F3}

The microcontroller receives the stimulation parameters and commands from the receiver module via its UART (Universal Asynchronous Receiver Transmitter) module. Currently, it is programmed to generate trains of biphasic rectangular pulses, however the stimulator hardware was designed for the flexibility of generating arbitrary stimulus waveforms. As soon as receiving the activation command, the microcontroller starts generating the programmed stimulation pattern using a 12 bit digital to analog converter (AD5623 of Analog Devices). Using the internal 1.25 V voltage reference, the Digital-to-Analog Converter provides voltages in the range of 0-2.5 V. The voltage is then converted to a controlled current stimulus by a voltage-controlled current pump \[[Figure 4](#F4){ref-type="fig"}\]. The controlled current output ensures more stable neural response regardless of the electrode and tissue impedance. The current pump is a modified Howland circuit.\[[@ref10][@ref11]\] which provides very good linearity and high output impedance. An extra operational amplifier (AD8607 of Analog Devices) is used in this circuit as an inverting amplifier which doubles the compliance of the current pump for a float load.

![The Howland current pump (Lower opamp) provides the controlled current stimulus to the tissue (R~load~ in Figure 4). The circuit works with a single supply of 3.7 V. Therefore, an inverter amplifier (upper opamp) was used for the other electrode, so that bidirectional stimulation can be applied to the tissue with a high compliance](JMSS-4-94-g004){#F4}

Equation 1 shows the input output relationship of the modified Howland current source:

![](JMSS-4-94-g005.jpg)

The Howland circuit is directly powered by the 3.7 V battery, to have the maximum possible compliance. To make the current pump both sink and source the current while powered by a single supply, the negative input of the pump (Vin-) was set to 1.25 V. The main output of the current pump may connect to two electrodes via separate parallel analog switches (ADG812 of Analog Devices). This ensures that actually no current is injected to the tissue when the stimulator is idle and forms two, not simultaneously active, channels of stimulation.

Low power consumption of the chips \[listed in [Table 1](#T1){ref-type="table"}\] allowed to use a precision micro-power low dropout voltage reference (REF3330 of Texas Instruments) to fix the power supply of all the chips (except the Howland circuit) on 3 V from the slowly decreasing voltage of a namely 3.7 V battery until the voltage of the battery decreases to 3.2 V. A small LED was used as an indicator of the systems state. It blinks a few times when the data packet for programming the stimulus pattern is received correctly, as well as when the stimulation starts and ends, to ensure proper operation of the system.

###### 

Power consumption of the components of the backpack stimulator for 3 V power supply

![](JMSS-4-94-g006)

The Stimulation Pattern {#sec2-4}
-----------------------

One of the advantages and the novelty of the presented design is its ability to generate arbitrary stimulus waveforms. The use of waveforms other than the traditional rectangular pulses is being more studied to improve the performance and efficiency of the stimulation in many applications. However, to evaluate the implemented system, the micro controller was programmed to just generate asymmetric biphasic rectangular pulse trains that are generally needed in neurophysiologic experiments. The form of the possible stimulus pattern is shown in [Figure 5](#F5){ref-type="fig"}.

![The general form of the stimulation pattern which was implemented for the stimulator provides repeating trains of biphasic stimulation with programmable parameters of the baseline and positive and negative pulse amplitudes, the duration of the two pulses as well as the stimulation frequency, the number of biphasic pulses in each stimulus train, the gap between trains and the total number of the stimulus trains](JMSS-4-94-g007){#F5}

The achievable ranges for the stimulation parameters are presented in [Table 2](#T2){ref-type="table"}.

###### 

The stimulation parameters and their valid range of values

![](JMSS-4-94-g008)

The stimulator can deliver specified number of repetitive asymmetric biphasic current pulses, providing good flexibility for using the system in different experiments. The generated train of pulses may be followed by a silence period and repeated for a certain number of times. Since the stimulus waveform is built in the stimulator module, the only data that is transmitted through the RF link is the stimulation parameters. This, substantially reduces the load on the RF link and allows implementing an ultra-low power receiver in stimulator module. The amplitude and duration of each pulse, the period of stimulation, the number of pulses in each train, the silence period and the number of trains can be adjusted for a specific application. This necessitates considering the baseline amplitude A0 at the voltage-controlled current source (VCCS) input to produce zero output current.

Experimental Protocol {#sec2-5}
---------------------

Male Wistar rat (321 g) was obtained from Isfahan University of medical sciences, Iran. Rat was kept in animal house and provided with food and water *ad libitum* and experienced a 12:12-h light-dark cycle (07:00-19:00) in a temperature controlled environment (22 ± 2°C). Rat was allowed to adapt to the laboratory conditions for at least 1 week before surgery. The Animal Research Ethic Committee at Isfahan University of medical sciences approved the study and all experiments were conducted in accordance with the international guidance principles for biomedical research involving animals, revised in 1985.

Rat was anesthetized with chloral hydrate (450 mg/kg, i.p) then was placed in a stereotaxic apparatus (Stoelting, USA) and two holes of one millimeter in diameter was drilled in the skull, one for inserting the stimulation electrode in the medial longitudinal fasciculus AP = −8.2 or −7.5, ML = 0.4 mm, DV = 7.1 mm from skull surface\[[@ref12]\] and the other for placing the reference electrode on the brain (the same coordinate on the left). The stimulation electrode was Teflon-coated stainless steel with 1 mm exposed tip. Dental acrylic was used to fix the electrodes. 7 days of post-operative recovery were allowed. A jacket was designed to put the system on the back of the rat. The rat was placed in a large cage to more freely.

Rectangular biphasic current pulses of 0.1 ms width and different amplitudes were applied with the frequency of 83 Hz and the resulted behavior of the rat was monitored.

RESULTS AND DISCUSSION {#sec1-3}
======================

A prototype portable wireless stimulator system was designed and characterized for neuro-physiological studies. The controller module could reliably send parameters and control the stimulator module wirelessly in a large room and the stimulator module could deliver precise trains of asymmetric biphasic current pulses to the electrodes. The quiescent power consumption of the system was measured only 5.1 mW.

The compliance of the stimulator was measured as 6 V. The electrode tissue impedance in DBS studies is reported to vary between 0.5 and 1.5 kΩ.\[[@ref13]\] Therefore the output compliance of the system is large enough for the stimulation of CNS. The system could deliver stimulus pulses up to ± 2 mA to a load of 1.5 kΩ. Obviously, the load resistance can be higher when lower stimulus amplitudes are used.

A sample stimulation train of asymmetric bipolar pulses produced by the system is demonstrated in [Figure 6](#F6){ref-type="fig"}. The time constant of the edges of the pulses was measured to be 12 μs.

![Rectangular biphasic train of the stimulus pulses produced by the developed system. The minimum programmable pulse width was 80 *μ*s, while the edge of the pulses has a time constant of 12 *μ*s](JMSS-4-94-g009){#F6}

[Figure 7](#F7){ref-type="fig"} shows the achieved output currents for the loads of 0-1.5 kΩ when an output current of 100 μA is programmed. The VCCS demonstrated a high output impedance of 100 kΩ, which resulted in only 0.7% error in output current amplitude for 0.5-1.5 kΩ range of the tissue impedance.\[[@ref13]\]

![The measured output current versus load impedance. The output current is almost constant with the load impedance](JMSS-4-94-g010){#F7}

[Figure 8](#F8){ref-type="fig"} shows the measured output current of the stimulator versus the programmed current for an example load of 1.5 kΩ. The input-output characteristics function of the whole system is acceptably linear in the range of its operation.

![The measured output current of the system versus the programmed current demonstrates the almost linear transfer function of the system, even in the limits](JMSS-4-94-g011){#F8}

The performance of the system was evaluated in a rat experiment. [Figure 9](#F9){ref-type="fig"} shows the backpack system placed on the back of the rat, with the electrodes on the head. The rat could carry the stimulator module without any problem.

![The backpack stimulator on the back of the rat. The rat could easily carry the stimulator module](JMSS-4-94-g012){#F9}

Upon starting the stimulations, the circling behavior was started. For small amplitude stimulations, the front paws moved to the right, increasing the stimulation amplitude resulted in moving the head to the right and for amplitudes higher than 400 μA, the rat started to circle. The circling was performed around the cylindrical cage that the rat was in, when the stimulation amplitude was just above the threshold. For higher stimulation amplitudes, the circling was more intensive, as the rat seemingly followed her tail. The response was stable in several trials performed including those performed 7 days later. When the stimulation was stopped, the normal sniff and search behavior of the rat came back immediately.

CONCLUSIONS {#sec1-4}
===========

A portable ultra-low power neuro-stimulator was designed, to deliver arbitrarily stimulus waveforms to the CNS. The stimulator is programmed using a wireless remote controller and is quite flexible in generating various desired stimulation patterns. This makes the developed system a suitable candidate for a large variety of neuro-physiological experiments. The implemented system demonstrates reliable performance with very low power consumption, ideal especially for experiments in which hours of continuous stimulation is required. The system can work continuously for 6 days while continuously delivers stimulus pulses of ± 2 mA without the need to change its battery. Ultra low power consumption of the stimulator could impose constrains on the performance of the system, including the time response of the output pulses and the minimum achievable pulse widths. However, the system was designed to obtain acceptable performance in these parameters. The design was based on commercial off-the-shelf components and provides a solid framework for implementing similar systems by other interested users.

The system worked reliably in a rat experiment to induce the circling behavior. The experiment demonstrated the simplicity of working with the system both for the experimenter and the rat itself.

The performance of the system is compared with some previously developed systems with the similar functionality \[[Table 3](#T3){ref-type="table"}\].

###### 

Specifications of the developed system, compared with some previously reported systems with the similar functionality

![](JMSS-4-94-g013)

The advantage of the developed system is that it has competitive light weight, small size and power consumption, whereas providing a large range of operation (stimulus amplitudes and pulse widths) and the capability of generating arbitrary stimulus waveforms with controlled current. The system can currently generate trains of rectangular biphasic stimulus pulses, which are the most common stimulation protocol in neuro-physiological experiments. However, generation of arbitrary stimulus waveforms is straight forward with modifications in the programs of the microcontrollers on the control and stimulation modules.

Feng *et al*.\[[@ref6]\] has reported a maximum of 12% error in the stimulus amplitude for their system when the current mode is used. In the present system however the precise current source that is implemented demonstrated only 0.7% error when the load changes from 0.5 to 1.5 kΩ.

Based on the 0.5-1.5 K range of tissue impedance reported in\[[@ref13]\] the 6 V compliance of the system is adequate in most of brain stimulation applications, however increasing the compliance of the system can increase the applicability of the developed system in neuroscience and cognitive research specially when small electrodes should be used.
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